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a  b  s  t  r  a  c  t
Autophagy  is an  ancient  cellular  pathway  that  is conserved  from  yeast  to man.  It  contributes  to  many
physiological  and pathological  processes  and  plays  a major  role  in  the  degradation  of proteins  and/or
organelles  in  response  to starvation  and  stress.  In the  autophagic  process  cytosolic  material  is  captured
into  double  membrane-bound  vesicles,  the  autophagosomes.  After  fusion  with  lysosomes,  the  cargo  is
degraded  in  the generated  autolysosomes  and  then  recycled  for further  use.
Autophagy  8  (ATG8,  in  mammals  LC3),  a well-established  marker  of  autophagy,  is covalently  linked
to  phosphatidylethanolamine  on  the  autophagic  membrane  during  autophagosome  formation.  Bioinfor-
matic  analysis  of the  Dictyostelium  genome  revealed  two  atg8 genes  which  encode  the  ATG8a  and  ATG8b
paralogs.  They  are  with  around  14 kDa similar  in  size,  54  % identical  to  one  another  and  more  closely
related  to the  corresponding  proteins  in fungi  and  plants  than  in  animals.  For ATG8a  we found  a  strong
up-regulation  throughout  the 24  h  developmental  time  course  while  ATG8b  expression  was  highest  in
vegetative  cells  followed  by a  moderate  reduction  during  early  development.  Confocal  microscopy  of
ﬂuorescently  tagged  ATG8a  and  ATG8b  in vegetative  AX2  wild-type  and  in  ATG9− cells  showed  that  both
proteins  mainly  co-localized  on  vesicular  structures  with  a diameter  above  500 nm  while  those  smaller
than  500  nm  were  predominantly  positive  for ATG8b.  In ATG9− cells  we  found  a strong  increase  in  the
relative  abundance  of  ATG8a-positive  large  vesicular  structures  and  of total  ATG8b-positive  structures
per  cell  indicating  autophagic  ﬂux  problems  in  this  mutant.  We  also  found  that  vesicular  structures  pos-
itive  for  ATG8a  and/or  ATG8b  were also  positive  for ubiquitin.  Live  cell  imaging  of AX2 and  ATG9− cells
co-expressing  combinations  of  red  and  green  tagged  ATG8a,  ATG8b  or ATG9  revealed  transient  co  local-
izations  of these  proteins.  Our  results  suggest  that ATG8b  associates  with  nascent  autophagosomes  before
ATG8a.  We  further  ﬁnd  that  the process  of  autophagosome  formation  in  Dictyostelium  is highly  dynamic.
We  infer  from  our data  that  Dictyostelium  ATG8a  and  ATG8b  have  distinct  functions  in autophagosome
formation  and  that  ATG8b  is  the  functional  orthologue  of  the  mammalian  LC3  subfamily  and  ATG8a  of
the GABARAP  subfamily.
©  2015  The  Authors.  Published  by  Elsevier  GmbH.  This  is an  open  access  article  under  the CC. Introduction
Autophagy is the major lysosomal pathway for the degrada-
ion of large cellular components. It is crucial for fundamental
iological processes such as development, immunity, cell death
nd aging, and is also associated with a number of diseases such
s cancer, neurodegeneration and the cellular response to invad-
ng pathogens (Hanada et al., 2007; Klionsky and Emr, 2000;
hintani and Klionsky, 2004). The process is tightly controlled,
nduced by starvation and other stresses and can be subdivided
nto three different types: macroautophagy, microautophagy and
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.0/).BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
chaperone-mediated autophagy (Shintani and Klionsky, 2004).
Macroautophagy is the routine turnover of cytosolic components
and this process occurs at basal levels in most tissues (Shintani
and Klionsky, 2004). It was generally considered as a non-selective
degradative pathway but there is increasing evidence that most if
not all types of macroautophagy (hereafter autophagy), e.g. pex-
ophagy, the turnover of peroxisomes, ribophagy or mitophagy are
selective (Li and Vierstra, 2012; Lippai and Lo˝w, 2014; Wang and
Klionsky, 2003; Weidberg et al., 2011).
The autophagic process is subdivided in the initiation,
autophagosome maturation and lysosomal degradation phases.
The evolutionarily conserved machinery encompasses more than
forty core and accessory autophagy-related (ATG) proteins, many
of which have been initially characterized in yeast (Tsukada and
Ohsumi, 1993). In the initiation phase the phagophore or isolation
le under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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embrane is formed de novo with lipids from different mem-
rane sources. The newly formed double-membrane structure is
xpanded, enwraps cytoplasmic macromolecules and organelles
nd matures into a closed vesicle, the autophagosome. In the ﬁnal
tep the outer membrane of the autophagosome eventually fuses
ith the lysosome (or vacuole in yeast). This gives rise to the
uto(phago)lysosome in which the cargo and the inner membrane
f the autophagosome are degraded by resident hydrolases (Chen
nd Klionsky, 2011; Lamb et al., 2013; Mizushima et al., 2002; Wang
nd Klionsky, 2003).
Two ubiquitin-like conjugation systems are indispensable for
utophagosome formation. The ﬁrst system leads to the formation
f a tetrameric complex consisting of two ATG12-ATG5 conjugates
ound to an ATG16 dimer (Abounit et al., 2012; Kuma et al., 2002;
izushima et al., 1999, 2003). The covalent linkage of ATG8/LC3
o the phospholipid phosphatidylethanolamine (PE) is the second
biquitin-like modiﬁcation step in autophagy and follows the for-
ation of the ATG12-ATG5/ATG16 complex. In this reaction the
leaved and activated ATG8/LC3-I is transferred by the E2-like
nzyme ATG3 to the ATG12-ATG5/ATG16 complex. ATG16 deter-
ines the binding site at the pre-autophagosomal structure (PAS)
n yeast or the isolation membrane in higher eukaryotes (Fujita
t al., 2008; Suzuki et al., 2001). Then ATG12-ATG5 catalyses the
ipidation of ATG8/LC3-I with PE (giving rise to LC3-II) through
ts E3-ligase activity (Hanada et al., 2007). ATG8/LC3-II appears to
ave a role in membrane closure and is involved in cargo selection
y recruiting cargo adaptor proteins, for example p62 and Nbr1,
ia their ATG8 interacting motif (AIM) or LC3 interacting region
LIR), respectively (Abounit et al., 2012; Birgisdottir et al., 2013;
akatogawa et al., 2007; Weidberg et al., 2011). The process of
argo selection for degradation is best understood for p62, which
an bind ubiquitinated proteins and deliver them through binding
o ATG8/LC3-II to the growing autophagosome (Bjorkoy et al., 2005;
bounit et al., 2012). Oligomerization enables p62 to deliver several
biquitinated proteins to a single ATG8/LC3-II molecule (Abounit
t al., 2012).
ATG8/LC3 is associated with the autophagosomal membrane
rom an early stage till the fusion with the lysosome and it is
herefore widely used to monitor autophagy. Functional studies
f ATG8/LC3 in higher organisms are complicated by the fact that
ulticellular animals express two or more ATG8/LC3 paralogs. For
xample nematodes possess three genes for atg8 and mammals
xpress seven genes which are grouped into the MAP1-LC3 (micro-
ubule associated protein 1–light chain 3) subfamily with three
embers (LC3A, B and C) and the GABARAP/GATE-16 (Gamma-
minobutyric acid receptor-associated protein/Golgi-associated
TPase enhancer of 16 kDa) subfamily with four members (Shpilka
t al., 2011). The respective precise functions of the seven mam-
alian ATG8 paralogs are largely unresolved. In contrast fungi
ossess only a single atg8 gene while plants and amoebozoa like
ictyostelium discoideum usually have two genes, facilitating the
able 1
. discoideum mutant strains used in this study.
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analysis of their respective function in autophagy (Kabeya et al.,
2004; Shpilka et al., 2011).
The social amoeba D. discoideum has become an increasingly
important model system for the investigation of autophagy in
recent years. In this organism autophagy genes can be easily
disrupted and their single or double knock-outs resulted in infor-
mative phenotypes. In addition, novel conserved autophagy genes
have been discovered and the autophagy machinery is more simi-
lar to higher eukaryotes than to yeast (Calvo-Garrido et al., 2010;
Calvo-Garrido and Escalante, 2010; King, 2012; Munoz-Braceras
et al., 2015; Tung et al., 2010; Xiong et al., 2015). Here we used D.
discoideum to investigate potentially different functions of its two
ATG8 paralogs, ATG8a and ATG8b, during autophagosome forma-
tion. We  analyzed their developmental regulation and performed
co-localization studies of live and ﬁxed cells using strains that
ectopically expressed either RFP-ATG8a, GFP-ATG8a and/or RFP-
ATG8b in AX2 wild-type cells, ATG9− cells and in ATG9− cells
re-expressing ATG9-GFP (AAG strain) (Tung et al., 2010). Our results
show that ATG8a and ATG8b largely co-localize on vesicles larger
than 500 nm,  while smaller vesicles were predominantly positive
for ATG8b. Live-cell imaging revealed the high dynamics of vesicu-
lar structures positive for ATG8a, ATG8b and/or ATG9 and showed
that these proteins associate with autophagosomes in succession.
Our data suggest that ATG8a and ATG8b fulﬁll different functions
during autophagosome formation and we suggest that ATG8b like
LC3 is more important in the early phase while ATG8a like GABARAP
has a function in the later phase (Weidberg, Shvets, et al., 2010;
Weidberg et al., 2011).
2. Materials and methods
2.1. Dictyostelium strains and culture conditions
D. discoideum AX2 was  used as wild-type strain. Mutant strains
expressing either RFP-ATG8a, RFP-ATG8b, RFP-ATG8a and GFP-
ATG8a or RFP-ATG8a and GFP-ATG8b were generated in AX2 or
AAG cells (ATG9− cells expressing ATG9-GFP) (Tung et al., 2010).
Strains used in this study are listed in Table 1. AX2 and mutant
strains were grown at 21 ◦C either on SM agar plates (ø 100 mm)
with Klebsiella aerogenes (Williams and Newell, 1976) or in AX2 liq-
uid nutrient medium in Erlenmeyer ﬂasks with shaking at 160 rpm
(Brink et al., 1990). In case of mutant strains the AX2 medium was
supplemented with blasticidine (5 g/ml) and/or G418 (6 g/ml).
For experimental use cells were harvested at a density of 2–4 × 106
cells/ml. For development on phosphate agar plates log phase cells
from a shaking culture were washed twice with Soerensen buffer
(14.6 mM  KH2PO4, 2.0 mM  Na2HPO4, pH 6.0). A total of 1 × 108 cells
were then resuspended in 1 ml  of Soerensen buffer and 500 l of
this solution corresponding to 5 × 107 cells was  evenly distributed
onto a phosphate-buffered agar plate (ø 100 mm)  and incubated at
21 ◦C. To monitor developmental regulation of ATG8a and ATG8b
Reference
ATG9-GFP in the ATG9− background Tung et al. (2010)
ant of ATG9 Tung et al. (2010)
RFP-ATG8a in AX2 This work
RFP-ATG8b in AX2 This work
RFP-ATG8a in ATG9− This work
RFP-ATG8b in ATG9− This work
RFP-ATG8a in AAG This work
RFP-ATG8b in AAG This work
RFP-ATG8a and GFP-ATG8a in AX2 This work
RFP-ATG8a and GFP-ATG8b in AX2 This work
RFP-ATG8a and GFP-ATG8b in ATG9− This work
rnal o
c
c
2
a
c
(
i
a
a
w
r
t
(
B
t
w
u
m
a
f
t
p
a
f
r
e
2
p
a
(
i
2
4
E
b
u
S
d
t
c
S
p
2
a
o
B
a
b
w
a
2
a
m
(
a
G
d
r
A
SJ. Matthias et al. / European Jou
ells were harvested after different times of development and total
ell lysates were prepared as described below.
.2. Vector construction and transformation
The vectors for expression of full-length ATG8a and ATG8b
s N-terminal RFP or GFP fusion proteins in D. discoideum were
onstructed using the p338-19 mRFPmars and pBsrN2 GFP vectors
Blau-Wasser et al., 2009; Fischer et al., 2004). The full-length cod-
ng sequences of ATG8a and ATG8b were ampliﬁed by PCR with 5′
nd 3′ speciﬁc primers containing overhang sequences for cloning
nd a 5′ linker encoding six amino acids with the sequence GGSGGS
hich separated the RFP and GFP moiety from ATG8a and ATG8b,
espectively. The PCR products for both genes were inserted into
he p338-19 mRFPmars vector via BamHI and BglII restriction sites
for diagnostic restriction of mRFP-ATG8a or mRFP-ATG8b we  used
amHI and EcoRI due to loss of the BglII site after insertion) and into
he pBsr N2 GFP via BamHI and EcoRV. The ﬁnal cloning products
ere veriﬁed by sequencing. Expression of the fusion proteins was
nder the control of the actin-15 promoter and the actin-8 ter-
inator. The plasmids were introduced into AX2 wild-type cells
nd the AAG strain by electroporation (Gaudet et al., 2007). Trans-
ormants were selected in the presence of either 6 g/ml G418 for
ransformations with p338-19 mRFPmars or 5 g/ml blasticidine for
Bsr N2 GFP. Antibiotic resistant clones were grown on K. aerogenes
s described (Tung et al., 2010). Transformants that expressed the
usion proteins were identiﬁed by visual inspection under a ﬂuo-
escence microscope followed by immunological detection of the
xpressed protein in Western blots.
.3. Antibody generation, SDS-PAGE, Western blotting and
rotein quantitation
For the generation of speciﬁc polyclonal antibodies (pAbs)
gainst D. discoideum ATG8a (DDB G0286191) and ATG8b
DDB G0290491) sequences encoding full length ATG8a (result-
ng pAbs 6079 and 6080) and ATG8b (resulting pAbs 5697, 5698,
4871 and 24872) were ampliﬁed and cloned into the pGEX-
T-1 expression vector. The fusion proteins were expressed in
scherichia coli XL1 Blue, puriﬁed using glutathione-sepharose
eads, released through cleavage with thrombin protease and
sed for the immunization of rabbits (BioGenes GmbH, Germany).
DS-PAGE and Western blotting were essentially performed as
escribed (Laemmli, 1970; Towbin et al., 1979). For the prepara-
ion of total D. discoideum cell lysates 2 × 106 cells were harvested,
entrifuged at 500 × g for 2 min  at 4 ◦C and washed twice with cold
oerensen buffer. The cell pellet was solubilized with SDS sam-
le buffer, the mixture boiled at 95 ◦C for 5 min, the proteins of
 × 105 cells were separated per lane by SDS gel electrophoresis
nd either stained with Coomassie Brilliant Blue or transferred
nto nitrocellulose membranes at 10 V for 30–45 min  using the
io-Rad Trans-Blot SD semi-dry transfer cell device. The gener-
ted ATG8a (6080) and ATG8b (5697) pAbs were used for Western
lotting at a 1:10,000 dilution. Alternatively, ATG8a was detected
ith pAb 7141 (courtesy of Jason King, University of Shefﬁeld)
t a 1:5,000 dilution and ATG8b with the afﬁnity-puriﬁed pAb
4872 at a 1:500 dilution. ATG9 was detected with the peptide pAb
t a 1:10,000 dilution as described (Tung et al., 2010), GFP with
Ab  K3-184-2 (Noegel et al., 2004) and RFP with mAb  K64-344-3
Fischer et al., 2004). Secondary antibodies used were anti-mouse
nd anti-rabbit IgG conjugated with peroxidase (POD) (Sigma,
ermany) at a 1:20,000 dilution followed by chemiluminescence
etection. Images were recorded and analyzed using the Fluo-
chem SP imaging system (Alpha Innotech, USA). The amounts of
TG8a and ATG8b were determined densitometrically using the
pot Denso tool of the AlphaEaseFC software (Alpha Innotech, USA).f Cell Biology 95 (2016) 15–25 17
Background values were subtracted and the resulting intensities
normalized based on actin (mAb Act1-7) staining. Mean values and
standard deviations of four (ATG8a) and, respectively, six (ATG8b)
independent experiments were calculated.
2.4. Fluorescence microscopy
Conﬂuently grown D. discoideum cells were harvested from cul-
ture plates (ø 100 mm),  washed and resuspended in AX2 medium
at approximately 1 × 106 cells/ml. Cells were transferred to a new
plate containing round cover slips (ø 12 mm), which were ﬁxed
on the plate with a silicone gel. The cells were allowed to adhere
for 30 min, then the medium was  carefully removed and the cells
were ﬁxed with -20 ◦C cold methanol for 5 min. The cells on the
cover slips were washed three times for 5 min  with PTB buffer
(PBS containing 0.1 % Triton X-100 and 0.1 % BSA). Immunostain-
ing was done using 200 l of PTB containing the monoclonal P4D1
antibody (NEB, Germany) at a 1:100 dilution for 1 h at room tem-
perature or overnight at 4 ◦C. After incubation the cover slips were
washed three times with PTB buffer, then incubated for 1 h with
200 l PTB containing the secondary antibody followed by three
washes with PTB, one with PBS and one with H2Odd. Secondary
antibody was  Alexa-ﬂuor 488 conjugated goat anti-mouse lgG
at a 1:2,000 dilution (Invitrogen GmbH, Germany). Nuclei were
stained with 4′,6-diamidino-2-phenylindole (DAPI, Sigma–Aldrich,
Munich, Germany). The cover slips were transferred onto glass
slides and embedded in Gelvatol. Confocal images of ﬁxed cells
were recorded in sequential mode with an inverted TCS SP5 laser
scanning microscope (Leica, Germany) with a 100× HCX PL APO
CS 1.40 oil immersion objective. Excitation of Alexa-ﬂuor 488 or
GFP was at 488 nm,  emission 500–550 nm,  of RFP at 561 nm,  emis-
sion 570–620 nm,  and of DAPI at 405 nm,  emission at 412–464 nm.
Z stacks were acquired at 0.3 m intervals. Images were processed
using the Leica Application Suite (LAS AF) software and Corel Draw.
For live cell imaging axenically grown D. discoideum cells were har-
vested from culture plates (ø 100 mm),  counted and between 20
and 100 l of the cells at a density of 5 × 106 to 1 × 107 cells/ml
were transferred to Ibidi eight-well-plates. Cells were allowed to
adhere for 15 min, then washed twice with Soerensen buffer and
ﬁnally supplemented with 200 l Soerensen buffer. Live Cell imag-
ing was  done using an inverted TCS SP5 laser scanning microscope
(Leica, Germany) with a 63x HCX PL APO lambda blue 1.40 oil UV
immersion objective. Excitation and emission parameters were as
described above, images were processed with LAS AF Lite, Corel
Draw and ImageJ.
3. Results
3.1. ATG8a and ATG8b are evolutionarily more closely related to
homologs from plants and fungi than from animals
Multicellular animals encode generally several and humans
in particular seven ATG8/LC3 paralogs. In contrast, fungi harbor
only one and plants and amoebozoa usually two ATG8 encod-
ing genes (Kabeya et al., 2004; Shpilka et al., 2011). Bioinformatic
analysis revealed that D. discoideum encodes two ATG8 paralogs,
which we  named ATG8a (dictyBase ID: DDB G0286191) and ATG8b
(dictyBase ID: DDB G0290491). They have a molecular mass of
approximately 14 kDa and show 80 % sequence similarity and
54 % sequence identity (Fig. 1A). Nothing is known about the
cellular function of ATG8b while some functions of ATG8a have
already been analyzed (Otto et al., 2004). Phylogenetic analysis
revealed that Dictyostelium ATG8a shows the closest relationship
to Acanthamoeba castellanii ATG8, while ATG8b is more distant to
A. castellanii and approximately equally close to homologs in fungi
18 J. Matthias et al. / European Journal of Cell Biology 95 (2016) 15–25
A
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DDB_G0290491 Dd ATG8b
DDB_G0286191 Dd ATG8a
NP_498228 Ce Igg-3
NP_001004343 Hs LC3C
NP_502035 Ce Igg-2
NP_115903 Hs LC3A
NP_073729 Hs LC3B
ACH68607 Ac ATG8
NP_009475 Sc ATG8
EAA27012 Nc ATG8
NP_001078424 At ATG8A
NP_192371 At ATG8B
NP_009216 Hs GABARAP-like 2
NP_650649 Dm ATG8b
NP_495277 Ce Igg-1
NP_113600 Hs GABARAP-like 1
Q9BY60 Hs GABARAP-like 3
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Fig. 1. Sequence alignment of D. discoideum ATG8a and ATG8b and evolutionary relationship of ATG8 family members. (A) Protein sequence alignment of ATG8a and ATG8b.
Stars  above the sequence mark identical (blue), points (green) and colons (red letters) similar amino acids. The absolutely conserved C-terminal glycine in the ATG8/LC3
family  is boxed. (B) Phylogenetic analysis of ATG8/LC3 family proteins from amoebozoa (orange), fungi (blue), plants (green) and animals (red). A CLUSTALX alignment of
ATG8/LC3  family protein sequences from different organisms was used to create a bootstrap neighbor-joining (N-J) tree with the TreeView program. Bootstrap values are
provided at the node of each branch. The scale bar indicates amino acid substitutions per site. The different clades are color coded in the tree. GenBank, SwissProt or dictyBase
(http://dictybase.org/) accession numbers are provided on the right of the tree. Hs, Homo sapiens; Dm,  Drosophila melanogaster; Ce, Caenorhabditis elegans; At, Arabidopsis
thaliana;  Nc, Neurospora crassa;  Sc, Saccharomyces cerevisiae; Ac, Acanthamoeba castellanii;  Dd, Dictyostelium discoideum. LC3: Light chain 3; GABARAP: -aminobutyric-acid-
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fype-A-receptor-associated protein; lgg: LC3, GABARAP and GATE-16 family. (For i
eb  version of this article.)
nd plants. Both proteins are evolutionarily more distant to the
omologs in animals (Fig. 1B). The ubiquitin-like ATG8/LC3 proteins
re C-terminally processed by the protease ATG4 to uncover a con-
erved glycine that is then used for the covalent attachment to the
hospholipid phosphatidylethanolamine (PE) in the autophagoso-
al  membrane. The C-termini of D. discoideum ATG8a and ATG8b
re highly conserved and both contain a glycine residue close to the
-terminus, which is likely linked to PE (Fig. 1A). Mass spectromet-
ic analysis of puriﬁed RFP-ATG8a and RFP-ATG8b fusion proteins
evealed that in vegetative D. discoideum cells most of ATG8a and
TG8b appeared to be C-terminally processed by ATG4 as we  could
ot identify C-terminal peptides containing the last three amino
cids (data not shown).
Next we analyzed the expression of ATG8a and ATG8b during
tarvation of Dictyostelium. Starving conditions are a prerequisite
or Dictyostelium development and also induce autophagy. It is welletation of the references to color in this ﬁgure legend, the reader is referred to the
documented that autophagy plays a crucial role in Dictyostelium
development because all mutants in autophagy genes so far display
more or less severe developmental defects (Otto et al., 2004; Tung
et al., 2010; Xiong et al., 2015). Dictyostelium cells were starved
for 24 h, samples were taken every 3 h, whole cell lysates prepared
and the expression of ATG8a and ATG8b assessed by Western blot-
ting. Interestingly, we found opposing differential regulation for the
two proteins under these conditions. Starvation strongly induced
expression of ATG8a by a factor of ﬁve already at the 3 h time-
point while ATG8b was  nearly two-fold downregulated. This initial
differential regulation was for both proteins more or less stable
throughout the ﬁrst 18 h of development. Expression of ATG8a fur-
ther increased after 21 and 24 h of development to about 10-fold
in comparison to vegetative cells while expression of ATG8b only
moderately increased at 24 h of development to about the level of
vegetative (t0) cells (Fig. 2). In some lanes of the ATG8b panel in
J. Matthias et al. / European Journal of Cell Biology 95 (2016) 15–25 19
Fig. 2. Developmental regulation of ATG8a and ATG8b. Exponentially growing AX2 wild-type cells (t0) were harvested, washed twice with Soerensen buffer and developed
for  24 h after plating on Soerensen agar plates. Samples were taken every 3 h from time point t0 to t24, the proteins of total cell lysates were separated by SDS-PAGE, blotted
o odies. 
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alues were subtracted and the resulting intensities normalized based on actin stain
ndependent experiments were calculated. Two exemplary blots are shown below 
ig. 2, above the strong band a second much fainter band can be
een, which probably corresponds to the soluble form of ATG8b
LC3-I in mammals).
.2. ATG8a and ATG8b show partial co-localization
We  generated strains that express RFP and/or GFP fusion pro-
eins of ATG8a, ATG8b and ATG9 in AX2 wild-type and ATG9
nock-out cells. For ATG8a and ATG8b, RFP or GFP was N-terminally
used to the corresponding protein because both proteins are C-
erminally processed in vivo by the ATG4 protease. For ATG9, GFP
as C-terminally fused to the protein and expressed in ATG9− cells
AAG strain) (Tung et al., 2010). The different generated strains
ere veriﬁed by Western blotting using antibodies against the
ndogenous proteins and/or the RFP or GFP moieties (Fig. S1) and
sed for localization and co-localization studies of ATG8a, ATG8b
nd ATG9 and for the analysis of their dynamics during autophagy.
he AX2 strain that co-expressed RFP-ATG8a and GFP-ATG8a was
sed as positive control for the co-localization studies.
First we analyzed AX2 and ATG9− cells that expressed either
FP-ATG8a or RFP-ATG8b. Analysis of confocal images of AX2
howed that RFP-ATG8b mainly labeled small vesicles with a size
ess than 500 nm,  whereas RFP-ATG8a positive vesicles were pre-
ominantly larger than 500 nm (data not shown). In the ATG9−
ackground the number of RFP-ATG8b positive vesicles appeared
o be signiﬁcantly increased (data not shown). To analyze these
ndings in detail and to directly compare the localization of the
wo proteins we made use of the generated AX2 and ATG9− strains
hat co-expressed RFP-ATG8a and GFP-ATG8b (Fig. 3). We  assessed
he size of RFP-ATG8a and GFP-ATG8b positive vesicles and quan-
iﬁed their total number and the average number per cell. The
nalysis of RFP-ATG8a and/or GFP-ATG8b positive vesicles in AX2
ells showed, that for RFP-ATG8a positive vesicles the ratio of large
>500 nm)  versus small (<500 nm)  vesicles was approximately 1.6.
n contrast this ratio was approximately 0.6 for GFP-ATG8b pos-
tive vesicles (Table 2), indicating that ATG8b may  join growing
utophagosomes before ATG8a. We  next analyzed RFP-ATG8a and
FP-ATG8b positive vesicles in ATG9− cells and found that the num-
er of GFP-ATG8b positive vesicles was with an average of 3.48 per
ell signiﬁcantly higher than for AX2 with an average of 1.63 per
ell. However, the ratio of GFP-ATG8b positive large versus small
esicles was with 0.6 unchanged (Table 2). In contrast, the average
umber of RFP-ATG8a positive vesicles was with 1.29, as comparedThe amounts of ATG8a and ATG8b were determined densitometrically, background
ean values and standard deviations of four (ATG8a) and, respectively, six (ATG8b)
grams.
to 0.95 in AX2, only slightly higher in the ATG9− strain, but the
ratio of RFP-ATG8a positive large versus small vesicles increased
strongly from 1.6 in AX2 to about 8.8 in ATG9− cells. The increase
in the average number of GFP-ATG8b positive vesicles and the shift
in the ratio of large versus small vesicles for RFP-ATG8a indicated
an inhibition of autophagosome maturation but not of initiation of
autophagosome formation in ATG9− cells (Table 2).
3.3. ATG8a and ATG8b partially co-localize with ubiquitinated
proteins
To further assess possible functional differences of ATG8a and
ATG8b, we investigated whether they co-localize with ubiquitin-
ated proteins in AX2 and ATG9− cells. Ubiquitinated proteins are a
hallmark of protein aggregates, but can also be found in autophago-
somes. To detect poly-ubiquitinated proteins we used the P4D1
monoclonal antibody (Cell Signaling Technology), which detects
ubiquitin, poly-ubiquitin and ubiquitinated proteins.
Protein aggregates are rarely seen in AX2 wild-type cells but
are strongly increased in autophagy-compromised strains, as for
example in ATG9− cells (Arhzaouy et al., 2012). In immunoﬂuo-
rescence studies of AX2 cells, that express RFP-ATG8a, we rarely
observed co-localization with ubiquitin. The image shows one rel-
atively large structure, possibly a protein aggregate, inside one
cell at which RFP-ATG8a diffusely enwraps the ubiquitin-positive
core (Fig. 4A). In contrast, we detected many instances of co-
localization of RFP-tagged ATG8b with ubiquitin (Fig. 4B). Most of
these ubiquitin-positive structures had a size typical of autophago-
somes. 3D-convolution showed that RFP-ATG8b enwrapped the
structure more tightly than it appeared to be the case for ATG8a
(Fig. 4B). In ATG9− cells we frequently observed large protein aggre-
gates that in most cases co-localized with RFP-ATG8a, but much
less frequently with RFP-ATG8b. 3D convolution showed that both
proteins were localized around the ubiquitin-positive core. The
association with these ubiquitin-positive structures again appeared
to be less tight for RFP-ATG8a (Fig. 4C and D).
3.4. ATG8b associated prior to ATG8a with nascent
autophagosomesWe used live cell imaging of AX2 cells expressing RFP-ATG8a
and GFP-ATG8b to assess the dynamics of ATG8a and ATG8b
in autophagosome formation (Fig. 5A). We observed that the
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Fig. 3. Co-localization of RFP-ATG8a and GFP-ATG8b in AX2 (A) and ATG9− (B) cells. Immunoﬂuorescence analysis of AX2 and ATG9− cells co-expressing RFP-ATG8a and
GFP-ATG8b. (A) In AX2 cells co-localization of RFP-ATG8a and GFP-ATG8b was  obvious for larger vesicles (arrows), while smaller vesicles were mainly positive for GFP-
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ere  mainly positive for GFP-ATG8b (arrowheads), was also seen. Arrows mark larg
ere  only positive for GFP-ATG8b. Scale bar: 2 m.
o-localization of ATG8a and ATG8b on growing autophagosomes
as highly dynamic. Speciﬁcally, we found that ATG8b was  associ-
ted for a longer period of time with the growing autophagosome
han ATG8a. It always appeared on the autophagosome before
TG8a and the data also suggest that ATG8a exited the nascent
utophagosome before ATG8b (Fig. 5A; supplementary movie
M1). We next analyzed the time-dependent appearance of ATG9
nd ATG8a or ATG8b in strains that expressed ATG9-GFP in the
TG9− background (Tung et al., 2010) and either RFP-ATG8a or
able 2
nalysis of size and number of ATG8a and ATG8b positive vesicles in AX2 and ATG9−
ells.
RFP-ATG8a GFP-ATG8b
Vesicles Total # [%] Vesicles Total [%]
AX2/RFP-ATG8a/GFP-ATG8b
Small 45 39.1 Small 121 61.4
Large 70 60.9 Large 76 38.6
  115 100  197 100
Ø/cell 0.95 Ø/cell 1.63
Ratio L/S 1.56 Ratio L/S 0.63
ATG9−/RFP-ATG8a/GFP-ATG8b
Small 14 10.2 Small 231 62.6
Large 123 89.8 Large 138 37.4
  137 100  369 100
Ø/cell 1.29 Ø/cell 3.48
Ratio L/S 8.80 Ratio L/S 0.60
n the case of AX2/RFP-ATG8a/GFP-ATG8b images of 121 and in the case of
TG9−/RFP-ATG8a/GFP-ATG8b of 106 cells were analyzed. Vesicles with a diam-
ter below 500 nm were classiﬁed as small (S) and with a diameter above 500 nm
s  large (L). of RFP-ATG8a and GFP-ATG8b on larger vesicles (arrows), while smaller vesicles
les positive for RFP-ATG8a and GFP-ATG8b; arrowheads mark small vesicles which
RFP-ATG8b (Fig. 5B and C). The core autophagy protein ATG9 is
supposed to deliver membrane lipids to growing autophagosomes
(Mari and Reggiori, 2007; Webber et al., 2007). Time-lapse imag-
ing of both strains showed that ATG8a and ATG8b repeatedly and
only brieﬂy co-localized with ATG9 (Fig. 5B and C). Fig. 5B shows
an example where the co-localization of ATG9 and ATG8a at 3 s
(arrows) has disappeared at 6 s (arrowheads). Another instance
of co-localization between the two  proteins can be seen at the
9 and 12 s time points at either the same autophagosome which
has moved a little bit or at a different autophagosome which has
moved into the focal plane. The dynamic nature of these encoun-
ters is also evident in the supplementary movie (SM2). For ATG8b
we also observed such dynamic co-localizations with ATG9 and live
cell imaging also suggested that ATG8b labeled nascent autophago-
somes a brief moment before ATG9 (Fig. 5C and supplementary
movie SM3, arrowheads). It should be noted that the successive
association of ATG8b and ATG8a with autophagosomes generally
occurred in very brief time frames of less than 15 s. In summary,
our data show a time-dependent appearance of ATG8a, ATG8b
and ATG9 on nascent autophagosomes. Based on live cell imaging
data we propose a model in which ATG8b associates with growing
autophagosomes before ATG8a and ATG9 (Fig. 6).
4. Discussion
4.1. Dictyostelium encodes two  members of the evolutionary
conserved ATG8/LC3 family with distinct functions
Bioinformatic analysis revealed that D. discoideum expresses
in addition to the previously characterized ATG8a (then named
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Fig. 4. RFP-ATG8a and RFP-ATG8b co-localize with ubiquitin in AX2 and ATG9− cells. Immunoﬂuorescence analysis of AX2 (A, B) and ATG9− (C, D) cells expressing RFP-
ATG8a or RFP-ATG8b (left panel). Cells were in addition stained with the P4D1 ubiquitin antibody and DAPI (middle panel). Lateral views (3D convolution) of the confocal
photographs (labeled either with a hashtag, star or circle) suggest that both proteins, ATG8a and ATG8b, cover the ubiquitin-positive structures (beside and below the merge
in  the right panel). Please also note in C and D the huge ubiquitin- and RFP-ATG8a or, respectively, RFP-ATG8b positive structures (arrowheads) which are likely protein
aggregates. Scale bar: 2 m.
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Fig. 5. ATG8a and ATG8b successively join the autophagosome. Time-lapse imaging of AX2:RFP-ATG8a/GFP-ATG8b (A), ATG9−:ATG9-GFP/RFP-ATG8a (B) and ATG9−:ATG9-
GFP/RFP-ATG8b (C) cells. (A) Arrows mark an instance were both protein label a larger autophagosome throughout the 30 s time period; arrowheads show an example
where  ATG8b appears on a small nascent autophagosome approximately 6 s before ATG8a. (B) Arrows mark brief and very dynamic co-localization events between ATG9
and  ATG8a; arrowheads at 6 s mark an instance where the co-localization of ATG9 and ATG8a at the 3 s time point (arrows) has disappeared. (C) Arrows mark brief and very
d nts to
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tynamic co-localization events between ATG9 and ATG8b; the arrowhead at 0 s poi
 s time point (arrows). Scale bar: 2 m.
TG8) a second closely related ATG8 homolog which we named
TG8b. The protein sequences of ATG8a and ATG8b are highly
onserved and both proteins share 54 % sequence identity with
ach other. The protein sequences are also similar to human
ABARAP (-aminobutyric acid receptor-associated protein) and
AP1LC3 (microtubule-associated protein 1 light chain 3) and
o ATG8 family members from other organisms. A phylogenetic an early ATG8b-positive autophagosome which then co-localizes with ATG9 at the
analysis showed that D. discoideum ATG8a and ATG8b are most
closely related to the corresponding proteins from amoebozoa,
fungi and plants and more distant to the GABARAP and LC3 homo-
logues from animals (Fig. 1). Individual sequence alignments of
ATG8a or ATG8b with LC3a and GABARAPL1 revealed that ATG8a is
with 75% sequence similarity most similar to GABARAPL1. In con-
trast, ATG8a and ATG8b are with 60 and 58% sequence similarity,
J. Matthias et al. / European Journal o
ATG8a
ATG8b
ATG9
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2. ATG8a
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ATG9 ATG9
Fig. 6. Model. Based on our results we propose that ATG8a associates with the grow-
ing  autophagosome a little bit later than ATG8b. ATG9 seemed to appear on nascent
autophagosomes along with ATG8a. Live cell imaging suggested that these encoun-
ters  were very brief and probably only served to deliver membrane material. How
ATG9 is recycled is at present not clear and we  propose that the ATG9-positive vesic-
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elar  structure hands over lipids and shrinks with every encounter with the nascent
utophagosome. The different components in the model are not drawn to scale. Only
utophagy components relevant to this manuscript are displayed in the model.
espectively, approximately equally similar to LC3a (data not
hown).
In previous work it was found that all knock-out mutants of
ore autophagy genes in D. discoideum had more or less severe
evelopmental problems (Otto et al., 2003, 2004; Tung et al., 2010;
iong et al., 2015). Our analysis of the developmental regula-
ion of ATG8a and ATG8b showed that ATG8a was  nearly 10-fold
p-regulated throughout a 24 h developmental time course as com-
ared to its expression in vegetative cells while ATG8b expression
as either moderately down-regulated or unchanged in compari-
on to vegetative cells (Fig. 2). The developmental pattern of protein
xpression of ATG8b but not of ATG8a differs from mRNA transcript
egulation as determined by RNAseq, where a 2- to 6-fold increase
n the 24 h developmental time course was found (Rosengarten
t al., 2015). We  do not know the reason for the discrepancy, how-
ver, the developmental regulation on the mRNA level need not
ecessarily be reﬂected on the protein level. It could for example
e that the increase in mRNA found by Rosengarten et al. could
e abrogated by an increased turnover of the protein, mirroring
ncreased autophagy during development. The dramatic increase
n ATG8a expression suggests that this protein might be more
mportant for the autophagic process during Dictyostelium develop-
ent than ATG8b. In agreement with this assumption, the ATG8a–
train had a strong developmental phenotype and produced multi-
ipped aggregates and only tiny fruiting bodies (Otto et al., 2004).
urthermore, it was shown that yeast ATG8 controls phagophore
xpansion during autophagosome formation and that the amount
f ATG8 determines the size of autophagosomes (Xie et al., 2008).
ince ATG8a localized predominantly to larger autophagosomes
Table 2), its upregulation might reﬂect an increase in the size of
utophagosomes during Dictyostelium development. We  are cur-
ently in the process of generating an ATG8b– strain and it remains
o be seen whether knock-out of atg8b also will cause developmen-
al defects.
.2. ATG8a and ATG8b partially colocalized and differentially
abeled small and large autophagosomes
Members of the ATG8/LC3 family are widely used as mark-
rs for the autophagic process (Klionsky et al., 2012). They getf Cell Biology 95 (2016) 15–25 23
covalently attached to PE of the phagophore or isolation mem-
brane by the E3-ligase activity of the tetrameric ATG12-5/ATG16
complex and remain associated with the nascent autophagosome
until fusion with the lysosome occurs. At this stage ATG8/LC3 at
the outer membrane of the autophagosome is cleaved from PE
by the promiscuous ATG4 protease and recycled for further use,
while ATG8/LC3 at the inner membrane is degraded within the
autolysosome (Slobodkin and Elazar, 2013). We studied the co-
localization of ATG8a and ATG8b through ectopic expression of
RFP- and GFP-tagged ATG8a and/or ATG8b in AX2 and ATG9− cells.
Both proteins labeled small- to medium-sized vesicular structures
that we  interpreted as autophagosomes (Fig. 3). Statistical analysis
revealed that ATG8a preferentially localized to vesicles larger than
500 nm and ATG8b preferentially to vesicles smaller than 500 nm
(Table 2). Also, the average number of positive vesicular struc-
tures per cell was with 1.63 for ATG8b signiﬁcantly higher than
that for ATG8a with 0.95. These results ﬁt well with our timelapse
studies which showed that ATG8b labeled nascent autophago-
somes before ATG8a (see below). In the ATG9− background the
number of ATG8a-positive autophagosomes increased only mod-
erately from 0.95 to 1.29, while the number of ATG8b-positive
structures increased strongly from an average of 1.63 per cell in
AX2 to 3.48 in ATG9− cells (Table 2). In contrast the ratio of large
(>500 nm)  to small (<500 nm)  autophagosomes did not change sig-
niﬁcantly for ATG8b, but increased dramatically for ATG8a from
1.56 to 8.80 (Table 2). This is consistent with a role for ATG9 in
the delivery of membrane lipids (Chan and Tang, 2013; He et al.,
2009). With respect to ATG9 our results suggest that formation
of the isolation membrane does not require ATG9, however, its
expansion in the growing autophagosome does require ATG9. In
the ATG9− strain the autophagosome expansion process is prob-
ably dramatically slowed down, hence we  see an increase in the
number of ATG8b positive structures and of the ratio of ATG8a pos-
itive large versus small vesicles (Table 2, Fig. 3). Next we  analyzed
co-localization with other proteins and found that both proteins,
ATG8a and ATG8b, co-localized in general with ubiquitin (Fig. 4).
This co-localization was  expected, because it has already been
shown that autophagy receptors, such as p62/SQSTM1 and NBR1,
simultaneously bind both ubiquitin and members of the ATG8/LC3
family via the so-called LIR motif and thus link ubiquitination and
autophagy (Kirkin, Lamark, et al., 2009; Kirkin, McEwan, et al., 2009;
Lamark et al., 2009). 3D convolutions of this co-localization suggest
that ubiquitinylated substrates are covered by ATG8a-/ATG8b-
positive structures (Fig. 4). ATG9− cells contained in addition large
protein aggregates which were positive for both ATG8 paralogs and
for ubiquitin (Fig. 4). A connection between ubiquitin-positive pro-
tein aggregates and autophagy has also been reported for other
organisms (Bjorkoy et al., 2005; Calvo-Garrido and Escalante, 2010;
Pankiv et al., 2007; Xiong et al., 2015).
4.3. ATG8b associated with nascent autophagosomes before
ATG8a
All eukaryotes so far studied encode ATG8/LC3 and it is of par-
ticular interest that fungi have only one atg8 gene, plants and
amoebozoa usually have two and multicellular animals have two
or more genes. Nematodes, e.g. Caenorhabditis elegans,  express
three paralogous proteins, Mammals e.g. human possess seven par-
alogs which are split into the LC3 subfamily with three members
and the GABARAP/GATE-16 family with four members (Fig. 1B).
This lineage speciﬁc expression of one or more ATG8/LC3 paralogs
indicates that early in evolution an atg8 gene duplication event
has occurred, one of the two genes must have been lost again
in the fungal lineage while further duplication events occurred
in some multicellular animals. In the further course of evolution
the individual paralogs could then have acquired speciﬁc functions
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Calvo-Garrido, J., Escalante, R., 2010. Autophagy dysfunction and ubiquitin-positive
protein aggregates in Dictyostelium cells lacking Vmp1. Autophagy 6, 100–109.4 J. Matthias et al. / European Jou
Weidberg, Shpilka, et al., 2010). The analysis of the mammalian
aralogs is complicated by the fact that the individual members
f the LC3 and GABARAP subfamilies are closely related and thus
t is experimentally very difﬁcult to knock-down one paralog in
ne subfamily to study its role without affecting the other mem-
ers. Knock down by siRNA of all members of either the LC3 or the
ABARAP subfamily showed that both subfamilies act differently
t early stages of autophagosome biogenesis. The results indicate
hat LC3s are involved in the elongation of the phagophore mem-
rane whereas members of the GABARAP/GATE-16 subfamily are
ssential in a later stage in autophagosome maturation (Weidberg,
hvets, et al., 2010). The question whether individual members of
ne subfamily act redundantly or have further specialized in the
rocess of autophagosome formation is a current exciting topic of
esearch (von Muhlinen et al., 2013). Recent ﬁndings suggest a dif-
erential role for mammalian LC3B and LC3C in selective autophagy.
t was found that LC3B is indispensable for selective autophagy
f p62 but not for basal autophagy, while LC3C was  required for
ntibacterial autophagy. Thus, selective autophagy appears to be
egulated by speciﬁc ATG8 paralogs (Maruyama et al., 2014; von
uhlinen et al., 2012). Whether Dictyostelium ATG8a and ATG8b
re also speciﬁcally recruiting selected cargo needs to be addressed
n future work.
The nematode C. elegans harbors three atg8 genes which are
amed lgg-1, -2 and -3.  Lgg-2 and -3 are more similar to the LC3
ubfamily, while lgg-1 is more closely related to the GABARAP
ubfamily (Fig. 1B). In a recent study it was found that in C. ele-
ans allophagy, a developmentally stereotyped autophagic ﬂux,
gg-2 (the C. elegans LC3 homologue) acts downstream of lgg-1
the C. elegans GABARAP orthologue) (Manil-Ségalen et al., 2014).
his sequential action of Lgg-1 and Lgg-2 is opposite to the ﬁnd-
ngs in human and, given the high level of amino acid sequence
onservation of Lgg-2 with LC3 and Lgg-1 with GABARAP, an
xtremely surprising result. The authors speculate that differences
n the experimental systems could at least partially explain this
pparent discrepancy (Manil-Ségalen et al., 2014). We  analyzed
ntracellular localization and time-dependent appearance of the
wo Dictyostelium ATG8/LC3 homologues, ATG8a and ATG8b. Time
apse microscopy studies with live AX2 cells ectopically expressing
FP-ATG8a and GFP-ATG8b indicated that ATG8b associated with
he nascent autophagosome before ATG8a (Fig. 5A and SM1). Fur-
her time lapse studies in ATG9− cells expressing ATG9-GFP and
ither RFP-ATG8a or RFP-ATG8b suggest that also ATG9-GFP asso-
iated with nascent autophagosomes after ATG8b but at about the
ame time as ATG8a. The data also suggest that ATG9 only very
rieﬂy interacts with the nascent autophagosome and is rapidly
ecycled for further use (Fig. 5B and C, Fig. 6 and SM2  and 3).
It was previously estimated that in compressed Dictyostelium
ells autophagosome formation takes between 100 and 140 s (King
t al., 2011). Our time lapse analysis also showed that the pro-
ess of autophagosome maturation in Dictyostelium is very fast
nd often appears to take less than 30 s. It should be noted that
ue to the dynamic nature of the autophagosomes an exact deter-
ination of the time needed for autophagosome formation is
xtremely difﬁcult. Thus, the discrepancy between our estimate
nd the one reported by King et al. could partly be due to the fast
ovement of the autophagosomes which might cause an out-of-
ocus effect. Alternatively, there might also be a difference in the
ynamics of autophagosome formation in compressed versus non-
ompressed Dictyostelium cells. With respect to the timing of ATG8a
nd ATG8b, we estimate that the association of ATG8b with the
ascent autophagosome precedes the appearance of ATG8a by less
han 10 s.
Our data suggest that D. discoideum ATG8a and ATG8b fulﬁll
ifferent functions during autophagosome formation and imply
hat ATG8b is the functional orthologue of the LC3 subfamily andf Cell Biology 95 (2016) 15–25
ATG8a of the GABARAP subfamily in mammals (Weidberg, Shpilka,
et al., 2010; Weidberg, Shvets, et al., 2010; Weidberg et al., 2011). It
appears therefore that the duplication of ATG8 in eukaryotes early
in evolution later allowed the specialization of the paralogs during
autophagosome maturation. We hypothesize that this specializa-
tion of the ATG8/LC3/GABARAP subfamilies is valid, possibly with
the exception of the special process of allophagy in C. elegans,  in
all eukaryotic lineages which express two or more ATG8/LC3 par-
alogs. Further expansion of the respective subfamilies in mammals
likely allowed the acquisition of further specialized functions in
higher multicellular animals. Future analysis of single and double
knock-out mutants of ATG8a and/or ATG8b in D. discoideum will
enable further analyses of common and specialized functions of
these paralogous proteins in autophagosome biogenesis.
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